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P
reservation of healthy mitochondria is essential for energy generation and maintenance of contractile function in cardiac myocytes (1) . In cardiac ischemia-reperfusion (IR) injury, mitochondrial permeabilization results in activation of programmed cell death pathways and cardiomyocyte loss (2) . Removal of damaged mitochondria by macroautophagy, a lysosomal degradative pathway, is essential to prevent cardiomyocyte death and limit myocardial infarct size (3, 4) . Cardiomyocyte autophagy is upregulated with IR injury (5), but autophagosome processing is impaired early after reperfusion, which prevents autophagic removal of damaged mitochondria (6) . The hypoxic insult also provokes transcriptional induction of BNIP3 (Bcl2 and nineteen-kilodalton interacting protein 3), a prodeath Bcl2 family protein (7, 8) which is targeted to and permeabilizes mitochondria (9) (10) (11) and triggers cardiomyocyte death in IR injury (12) . While BNIP3 has been suggested to facilitate mitochondrial autophagy by functioning as an adaptor to sequester damaged mitochondria within autophagosomes (13, 14) , increased BNIP3 expression provokes declines in lysosome numbers, with impaired autophagic flux, resulting in accumulation of damaged mitochondria and cardiomyocyte death (15) . These observations implicate a failure of the autophagy-lysosome machinery to clear damaged mitochondria as a cause of cell death with IR injury, but the underlying mechanisms remain to be defined.
Mitochondria are also targeted for degradation by starvation, wherein autophagy is critical for cell survival (16, 17) . Interestingly, with starvation, lysosome numbers rapidly plummet (18) , but endogenous mechanisms are promptly recruited to drive reformation of new lysosomes (18) (19) (20) . This is facilitated via a transcriptional induction of autophagy-lysosome machinery proteins orchestrated by nuclear translocation of the basic helix-loop-helix (bHLH) transcription factor EB (TFEB) (21) (22) (23) (24) (25) , a master inducer of the autophagy-lysosome machinery (23) , thereby sustaining autophagic flux. In contrast, lysosome numbers progressively decline with BNIP3-induced autophagy, without replenishment (15) , suggesting that an impairment in this transcriptional response engenders "insufficient" cytoprotective autophagy.
Relevant to this discussion is our observation that upon reperfusion/reoxygenation, a rapid reactive oxygen species (ROS)-induced increase in beclin-1 abundance paradoxically impairs autophagic flux in cardiomyocytes (6) . Interestingly, while basal beclin-1 levels play critical roles in autophagosome Generation of adenoviral constructs. Lentiviral particles coding for mCherry-GFP-LC3 expression have been described (6) . Adenoviral delivery of constructs was employed to achieve a high efficiency of transduction and permit evaluation of dose-dependent effects in primary NRCMs, as previously described (6, 15) . Adenoviral particles for expression of short hairpin RNAs (shRNAs) targeting rat TFEB, BECN1, and PPARGC1␣ were generated with the BLOCKiT adenoviral system (Invitrogen). Specific oligonucleotide sequences employed were as follows (with targeted coding sequences underlined): (i) shRNA targeting rat TFEB, 5=-CACCGAATCAAGGAGCTGGGAATG CTGATCGAAATCAGCATTCCCAGCTCCTTGATTC-3= (top-strand oligonucleotide) and 5=-AAAAGAATCAAGGAGCTGGGAATGC TGATTTCGATCAGCATTCCCAGCTCCTTGATTC-3= (bottom-strand oligonucleotide); (ii) shRNA targeting BECN1 (annotated shBECN1-2), 5=-CACCGCTCAGTACCAGCGAGAATATCGAAATATTCTCGCTGG TACTGAGC-3= (top-strand oligonucleotide) and 5=-AAAAGCT CAGTACCAGCGAGAATATTTCGATATTCTCGCTGGTACTGA GC-3= (bottom-strand oligonucleotide); and (iii) shRNA targeting rat PPARGC1␣, 5=-CACCGAGCAAGTATGACTCTCTGCGAACAGAGAG TCATACTTGCTC-3= (top-strand oligonucleotide) and 5=-AAAAGAGCAAGTATGACTCTCTGTTCGCAGAGAGTCAT ACTTGCTC-3= (bottom-strand oligonucleotide).
Adenoviral particles for shRNAs targeting BECN1 (annotated shBECN1-1) (5) and LacZ, as a nontargeting control for studies with shRNA-mediated knockdown, and for overexpression of LacZ (as a control), green fluorescent protein (GFP)-tagged LC3, FLAG-hBNIP3, mBECLIN-1, and hemagglutinin (HA)-tagged hTFEB have been described previously (15) . Adenoviral particles for expression of FLAG-PPARGC1␣ were engineered with a tagging coding sequence for human PPARGC1␣ with a FLAG tag at the N terminus, using Gateway cloning technology (Invitrogen). Viral particles were generated per the manufacturer's instructions. In all experiments, control adenoviral particles were added to groups as necessary to ensure equal viral particle doses, i.e., multiplicities of infection (MOIs), between groups.
Assessment of cell death. Cell death assays were performed in 96-well plates (Nunc, Fisher) with a Live-Dead cytotoxicity viability kit for mammalian cells (Invitrogen), using a Tecan Infinite M200 Pro microplate reader (Tecan) following the manufacturer's instructions, as described previously (6) .
Assessment of TUNEL positivity. Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) was performed on fixed and permeabilized NRCMs by using the Dead-End fluorometric TUNEL system (Promega) following the manufacturer's directions, as previously described (15) .
Cellular ATP content analysis. NRCMs were transduced with adenoviral particles for 24 h and then trypsinized, and 5 ϫ 10 4 cells were plated in each well of a 96-well plate. Cellular ATP levels were quantified using a luciferase reaction-based assay kit (CellTiter-Glo reagent; Promega), and readings were normalized to those of viable cells assessed by the trypan blue exclusion method as previously described (28) .
Immunofluorescence imaging. Imaging for mCherry-GFP-LC3 and LysoTracker Red was performed with live NRCMs, and imaging for GFP-LC3, LAMP1, and TFEB (with immunofluorescence of the HA tag) was performed with NRCMs fixed with 4% paraformaldehyde (20 min) and then permeabilized with 0.1% Triton X-100 (5 min), using an (6) . Nuclear localization of TFEB was assessed in 60 cells/group. LAMP1-positive puncta in 50 cells/group were counted using ImageJ software as described previously (15) , and results are expressed as numbers of dots/nucleus. Imaging for BNIP3 and COX-IV was performed on fixed and permeabilized NRCMs with a Zeiss confocal LSM 700 laser scanning confocal microscope using 63ϫ Zeiss Plan-Neofluar 40ϫ/1.3 and 63ϫ/1.4 oil immersion objectives. Nuclei were stained blue with Hoechst dye (for live-cell imaging) (H3750; Invitrogen) or DAPI (4=,6-diamidino-2-phenylindole) (for fixed cells) (H1200; Vector Laboratories). Epifluorescence and confocal images were acquired and analyzed using Zeiss Axiovision and Zen 2010 software, respectively.
Flow cytometric assessment. NRCMs were incubated with LysoTracker Red (1 mmol/liter for 15 min) to assess lysosome abundance, with nonyl-acridine orange (NAO) (a cardiolipin-binding dye; 10 nmol/liter for 15 min) and Mitotracker Green (200 nmol/liter for 45 min) to assess mitochondrial mass, with JC-1 (10 mg/ml for 10 min) or tetramethylrhodamine, ethyl ester (TMRE; 50 nmol/liter for 30 min) to assess mitochondrial polarization, and with carboxy-H 2 DCFDA (a cell-permeating ROS indicator; 10 mol/liter for 30 min) to assess the levels of ROS. Following incubation with these compounds at 37°C in 5% CO 2 , the cells were trypsinized and subjected to flow cytometry on a FACScan instrument (Becton-Dickinson) as previously described (15) . Cyflogic software (CyFlo) was employed to analyze 20,000 events per run.
Assessment of mitochondrial DNA content. Mitochondrial DNA content was assessed by quantitative PCR analysis as previously described (29) . Briefly, DNA was prepared from NRCM pellets, and real-time quantitative PCR was performed for the mitochondrial gene NADH2 (with primers 5=-ATCACCACCATTCTCGCAAT-3= and 5=-TCCTATGTGGG CAATTGATG-3=) and the nuclear gene RCAN1 (with primers 5=-GGTT TGCTGAGCCTCGAAG-3= and 5=-CTTCATCCCTCCTTTGTAAC-3=). The ratio of copies of mitochondrial to nuclear genes represents the relative mitochondrial DNA content.
Assessment of mitochondrial fragmentation. Mitochondrial morphology was ascertained to be fragmented or tubular by visual inspection of individual cells at a high magnification, as described previously (30) . Fifty cells were evaluated per experimental group, and results are expressed as percentages of cells showing predominantly fragmented mitochondria.
Assessment of mitochondrial polarization. Mitochondrial depolarization was assessed by expression of TMRE or with the ratiometric dye JC-1, which aggregates into red fluorescent polymers in normally polarized mitochondria but is predominantly observed as green fluorescent monomers in cells with depolarized mitochondria, as previously described (6, 15) .
TEM. NRCMs were fixed in modified Karnovsky's fixative (3% glutaraldehyde, 1% paraformaldehyde in 0.1 M sodium cacodylate buffer), followed by postfixation in 2% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h. The cells were then stained with 2% aqueous uranyl acetate for 30 min, dehydrated in a series of graded ethanol concentrations, and embedded in PolyBed (Polysciences). Blocks were sectioned at a 90-nm thickness, poststained with Venable's lead citrate, and viewed with a JEOL model 1200EX transmission electron microscope (TEM) (JEOL, Tokyo, Japan). Digital images were acquired using an AMT Advantage HR (Advanced Microscopy Techniques, Danvers, MA) high-definition charge-coupled device (CCD) 1.3-megapixel TEM camera.
Assessment of promoter-driven luciferase activity. A total of 3 ϫ 10 4 cells were plated per well of a 96-well plate and transfected with the PGL3.Luc vector, carrying a 2,760-bp fragment of the human PPARGC1␣ promoter (for firefly luciferase expression), and the pRL-SV40 vector (for Renilla luciferase expression [31] ) at a 100:1 ratio, using Lipofectamine 2000 (Invitrogen). Constructs coding for the human PPARGC1␣ promoter (GenBank accession number NG_028250.1) with individual mutations in the three CLEAR sites detected within (as depicted in Fig. 9D ) were generated by site-directed mutagenesis using a QuikChange Lightning site-directed mutagenesis kit (Stratagene) and verified by sequencing. Luciferase activity was measured with a dual-luciferase assay kit (Promega) and a Tecan Infinite M200 Pro microplate reader (Tecan) following the manufacturers' instructions. Firefly luciferase values were normalized to those for Renilla luciferase to control for transfection efficiency. To assess whether the bp Ϫ18 site mutant construct retained activity to drive transcriptional activation (other than that driven by TFEB), HEK293 cells were transfected with the PGL3.Luc vector, driven by the human PPARGC1␣ promoter without (i.e., wild-type promoter) or with mutations in the "CLEAR sequence," located 69 bp upstream of the transcriptional start site (i.e., Ϫ18 CLEAR site mutant), together with pRL-SV40 for Renilla luciferase expression (at a ratio of 100:1). In addition, cells were cotransfected with expression vectors coding for the constitutively active transcription factor CREB, the CREB activator TORC2 (i.e., CRTC2) (see below for details), TFEB (pAd-CMV/V5-hTFEB), or LacZ (pAd-CMV/V5-LacZ) (as a control), and luciferase activities were measured 48 h after transfection. Firefly luciferase readings were normalized to those for Renilla luciferase to control for transfection efficiency. Subcellular fractionation. NRCMs were subjected to biochemical fractionation to recover nucleus-enriched and cytoplasmic fractions, as previously described (23) . Hearts were fractionated into nucleusenriched and cytoplasmic samples by using a CelLytic NuCLEAR extraction kit (Nxtract; Sigma). Expression of proteins localized to the nucleus (histone H3) and cytoplasm (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) was examined to confirm relative enrichment.
Coimmunoprecipitation studies. Murine embryonic fibroblasts (MEFs) from C57BL/6 wild-type mice were adenovirally transduced with beclin-1-HA (MOI ϭ 100) or transfected with N-terminal HA-tagged TSC1 (Addgene) (32) . Three hundred micrograms of protein was incubated with anti-HA (H3663; Sigma) or normal rabbit IgG, and immunoprecipitation was performed using DynaBeads (Invitrogen).
Immunoblotting. Immunoblotting was performed on cellular extracts by use of previously described techniques (15) . Antibodies employed were as follows: antibodies for FLAG (F3165; Sigma), HA (H6908; Sigma), LAMP1 (AB24170; Abcam), beclin-1 (ab16998 [Abcam] and sc-11427 [Santa Cruz]), p70S6K (2708; Cell Signaling), p-p70S6K (9234; Cell Signaling), 4-EBP1 (9644; Cell Signaling), p-4EBP1 (2855; Cell Signaling), p-mTOR (2974; Cell Signaling), mTOR (2983; Cell Signaling), histone H3 (9715; Cell Signaling), TFEB (MBS120432; employed to detect adenovirally transduced HA-tagged human TFEB when HA detection was precluded for specificity), GAPDH (ab22555; Abcam), peroxisome proliferator-activated receptor gamma coactivator 1␣ (PGC1␣) (ab106814; Abcam), tuberous sclerosis complex 1 (TSC1) (6935; Cell Signaling), and tuberous sclerosis complex 2 (TSC2) (3612; Cell Signaling). Murine TFEB was detected with a Bethyl Labs antibody (A303-673A). The multiple immunoreactive TFEB bands observed (see Fig. 12C and D) likely represent various TFEB isoforms (NP_001155194.1 and NP_035679.3) or posttranslationally modified forms of the protein in the myocardium. Immunoblotting for ␣-sarcomeric actin (␣SA) (ab52219; Abcam) was employed as a loading control unless otherwise indicated. ImageJ software was employed for quantitative analysis. Protein abundance was normalized to ␣-sarcomeric actin protein expression and reported as the fold change versus the control. Chemicals employed were as follows: 3-methyladenine (3MA; EMD4Biosciences), torin-1 (Tocris), MG-132 (Cayman Chemical Company), and MnTMPyP (Calbiochem). Equivalent quantities of appropriate diluent were employed as controls in all studies in which these chemicals were employed.
Quantitative PCR analysis for mRNA. Real-time PCR was performed as described previously (6) . Briefly, total RNA was prepared from NRCMs by use of an RNA-easy minikit (Qiagen), and cDNA was synthesized with 1 g of total RNA by using the SuperScript III first-strand synthesis system (Invitrogen). One microliter of cDNA template was mixed with 12.5 l of 2ϫ SYBR green PCR master mix (Invitrogen) and subjected to quantitative PCR in triplicate under the following conditions: 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min in an ABI7500 Fast real-time PCR system. The GAPDH gene was also amplified in parallel as a reference for the quantification of transcripts. Primer sets employed are shown in Table 1 . Results were calculated using the ⌬⌬C T method and expressed as previously described (6) .
ChIP assays. Chromatin immunoprecipitation (ChIP) was performed as previously reported (25, 33) . Briefly, HEK293A cells were trans-fected with the empty pAAV-CMV-TFEB-IRES-GFP construct, described earlier (34), or with empty vector (as a control) for 48 h. Cells were collected, fixed with 1% formaldehyde for 10 min, and lysed on ice with ChIP lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1% Triton X-100, 1% Tween 20) for 20 min. The lysate was digested with micrococcal nuclease (Sigma) for 15 min at 37°C, and the reaction was terminated using EDTA (2 mM) and sodium dodecyl sulfate (SDS; 1%). SDS-Out (Pierce) was employed to precipitate the unbound SDS, and lysates diluted 1:1 with ChIP dilution buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5% Triton X-100, 2 mM EDTA) were incubated with high-capacity NeutrAvidin agarose (Pierce). Biotinylated anti-FLAG antibody (F9291; Sigma) or isotype control IgG1 (M9035; Sigma) was precoupled with NeutrAvidin beads for 30 min at 4°C, and the protein-DNA complexes were immunoprecipitated overnight at 4°C. After six washes, the DNA was eluted by addition of 8 mM biotin, 1% SDS in Tris-EDTA (TE) buffer and precipitated after reversing the cross-linkage by use of 200 mM NaCl at 65°C overnight. PCR was performed using primers flanking the CLEAR site 18 bp upstream of the transcriptional start site (forward primer, 5=-C GTCACGAGTTAGAGCAGCA-3=; and reverse primer, 5=-TCGCCCTTA AGCTTTTTCAA-3=) (204-bp amplicon). An additional primer set within an adjacent segment located between the CLEAR sites at bp Ϫ18 and Ϫ469 (forward primer, 5=-CTGTCATGAAACAGGGAGCTTT-3=; and reverse primer, 5=-GCTTTGAATGCCACAGACTCTA-3=) (125-bp amplicon) did not generate a product, demonstrating specificity (data not shown).
Statistical analysis. Results are expressed as means Ϯ standard errors of the means (SEM), with the sample size (n) per group indicated in the figure legends. Assumptions of normality and equality of variance were verified, following which statistical differences were assessed with unpaired 2-tailed Student's t test for two experimental groups, one-way analysis of variance (ANOVA) for multiple groups, and two-way ANOVA for testing of two variables across multiple groups, using SPSS software. Bonferroni's and Dunnett's T3 post hoc tests were employed after ANOVA for testing for significant differences between groups for data with equal and unequal variances, respectively. Nonparametric tests were employed for data that were not normally distributed. A two-tailed P value of Ͻ0.05 was considered statistically significant.
RESULTS
BNIP3 expression increases beclin-1 abundance with transcriptional suppression of autophagy-lysosome machinery. BNIP3, a Bcl-2 family prodeath protein, is transcriptionally induced in cardiac IR injury and provokes mitochondrial permeabilization (8, 11, 12) . We have observed that BNIP3 expression provokes progressive declines in lysosome numbers, with accumulation of fragmented and depolarized mitochondria, leading to cell death (15) , and that restoring lysosome biogenesis by exogenous TFEB expression reestablishes mitochondrial autophagy to rescue BNIP3-induced cell death (15) . To examine the mechanisms for impaired autophagic removal of BNIP3-damaged mitochondria, we evaluated the regulation of the autophagy-lysosome machinery by adenoviral transduction of NRCMs with BNIP3. We hypothesized that the decline in lysosome number is driven by BNIP3-induced autophagy, as also observed early during starvation-induced au- Rat genes 1A] ) and in LAMP1 protein abundance ( Fig. 1D and E) were only partially restored with 3MA (a type III phosphatidylinositol 3-kinase inhibitor which inhibits autophagosome formation) (Fig. 1A to E), to 65%, 59%, and 72%, respectively, of the levels for similarly treated controls. This indicates that lysosome consumption in BNIP3-induced autophagy is only partly responsible for the observed decline in lysosome abundance (15) . Importantly, we observed progressive declines in LAMP1 transcripts (Fig. 1H ) paralleling the decline in LAMP1 protein abundance ( Fig. 1F and G) . This transcriptional suppression also affected multiple proteins (Fig. 1I) ; n ϭ 8). Taken together, these observations indicate that in contrast to the welldescribed transcriptional stimulation of the autophagy-lysosome machinery observed with starvation (21-24), BNIP3 expression results in transcriptional suppression of this machinery to prevent its replenishment, while autophagy is robustly induced to remove BNIP3-damaged mitochondria (15) . We and others have observed a rapid increase in beclin-1 abundance with reperfusion/reoxygenation injury (5, 6) , and elevated beclin-1 levels transcriptionally suppress autophagylysosome machinery genes (6) . Since BNIP3 expression is postulated to displace beclin-1 from its binding to Bcl2 as a mechanism for induction of autophagosome formation (14), we examined the effect of BNIP3 expression on beclin-1. Beclin-1 protein abundance was increased early (at 12 and 24 h) after BNIP3 transduction ( Fig. 2A and B) , and this was not due to transcriptional induction (Fig. 2C) . In fact, BECN1 transcript levels were significantly reduced compared with those of controls at 24 h, coinciding with the suppression of other autophagy-lysosome machinery transcripts (Fig. 1I) , and only increased subsequently, in parallel with a decline in beclin-1 protein abundance (Fig. 2B and C) secondary to consumption with persistent autophagy (data not shown). This suggests that a stabilization of beclin-1 protein results in its accumulation early after BNIP3 expression.
We next examined if ROS mediate the BNIP3-induced increase in beclin-1 abundance observed with reperfusion injury (6) . BNIP3 triggered ROS generation early after its expression (at 12 h) ( Fig. 2D and E) , likely as a result of mitochondrial depolarization ( Fig. 2F and G) . Scavenging of ROS with MnTMPyP, a cell-permeating superoxide dismutase mimetic, did not affect BNIP3-induced mitochondrial depolarization ( Fig. 2F and G) but prevented the increase in beclin-1 abundance ( Fig. 2H and I ), indicating that BNIP3-induced mitochondrial permeabilization is the cause rather than the consequence of ROS generation, which provokes increased beclin-1 abundance. Treatment with MnTMPyP induced reductions in LAMP1 transcripts (Fig. 2J ) and protein levels ( Fig. 2K and L) , consistent with prior reports indicating that basal ROS levels may drive transcription of lysosomal genes (36) . Importantly, treatment with MnTMPyP prevented BNIP3-induced declines in LAMP1 transcripts (Fig. 2J) and protein ( Fig. 2K and L) and in lysosomes (Fig. 2M and N) and attenuated BNIP3-induced cardiomyocyte death (Fig. 2O) . Taken together, these observations indicate that BNIP3-induced ROS mediate increased beclin-1 abundance and the observed transcriptional suppression of the lysosome machinery.
Partial beclin-1 knockdown transcriptionally stimulates autophagic flux to attenuate BNIP3-induced cardiomyocyte death. We have observed that experimental modulation of beclin-1 levels transcriptionally affects autophagy-lysosome machinery proteins in a reciprocal fashion (6) . To determine if BNIP3-induced upregulation of beclin-1 contributes to the observed decline in LAMP1, we performed a partial knockdown of BECN1 transcripts (with two different shRNA constructs) in BNIP3 (and LacZ)-treated NRCMs. Partial beclin-1 knockdown (reduction in BECN1 transcripts to ϳ69% of control level and in beclin-1 protein to ϳ45 to 50% of control level) (Fig. 3A to C) stimulated LAMP1 transcription (Fig. 3D) and increased lysosome abundance (Fig. 3E and F) to prevent BNIP3-induced declines in lysosome numbers (Fig. 3E and F) . BNIP3 expression resulted in autophagosome accumulation, indicating impaired autophagic flux (15) , and partial beclin-1 knockdown increased the relative abundance of autolysosomes and reduced the level of autophagosomes (versus the shLacZ control) in BNIP3-transduced NRCMs (Fig. 3G and H) , pointing to enhanced autophagic flux. Partial beclin-1 knockdown also resulted in an increased abundance of autophagy proteins (total LC3 and p62) (Fig. 3I) , which was transcriptional as we described earlier (6; data not shown), and in LAMP1 (Fig. 3I and J) , paralleling the increased lysosome abundance. Importantly, partial beclin-1 knockdown attenuated the BNIP3-induced decline in LAMP1 protein (Fig. 3I  and J) , reduced BNIP3-induced TUNEL positivity (Fig. 3K and L) , and prevented BNIP3-induced cell death (Fig. 3M) , mimicking the observations seen with exogenous expression of TFEB (15) . Interestingly, partial beclin-1 knockdown resulted in reduced BNIP3 protein, which was prevented by concomitant inhibition of autophagosome formation with 3MA (Fig. 3N) but not by proteasome inhibition with MG-132, suggesting an enhanced autophagic degradation of BNIP3 together with the mitochondria, whereupon it is localized. Partial beclin-1 knockdown with the (Fig. 3A to D) recapitulated these findings (data not shown). Taken together, these data indicate that partial beclin-1 knockdown transcriptionally stimulates autophagic flux to restore impaired autophagosome processing with BNIP3 expression.
Notably, as we observed previously (6), a more complete knockdown of BECN1 (with 10-fold higher adenoviral shBECN1 transduction, to ϳ13% of transcript levels with shLacZ, resulting in a reduction of beclin-1 protein abundance to ϳ7% of the control level) (Fig. 4A and B ) resulted in inhibition of autophagosome formation ( Fig. 4C and D) and increased BNIP3-induced cell death (Fig. 4E) , consistent with an obligate role for beclin-1 in initiation of autophagy (26) .
Partial beclin-1 knockdown activates TFEB to attenuate BNIP3-induced cardiomyocyte death. Intriguingly, the effects of partial beclin-1 knockdown (Fig. 3 ) mimicked our observations with TFEB activation (15) . Therefore, we evaluated the effect of partial beclin-1 knockdown on TFEB activation. Recent studies uncovered a tightly regulated mechanism for TFEB activation, whereby TFEB is phosphorylated and sequestered in the cytoplasm, in the unstressed state, and starvation-induced mTOR inactivation provokes dephosphorylation and nuclear translocation of TFEB (21, 22, 24) . Given the lack of suitable antibodies to detect endogenous TFEB in rat cells (24), we examined the effect of starvation on subcellular distribution of exogenous TFEB in NRCMs. Exogenous TFEB expressed at low levels localized to the cytoplasm in resting cardiomyocytes and rapidly translocated to the nucleus with starvation and torin-1 treatment (Fig. 5A) , via inhibition of mTOR activity (as evidenced by a reduction in Thr-389 phosphorylation of S6 kinase [S6K], Thr-37/46 phosphorylation of 4E-binding protein 1 [4EBP-1], and Ser-2481 autophosphorylation of mTOR) (Fig. 5B to D) . Torin-1-induced mTOR inhibition provoked an increase in faster-migrating (i.e., dephosphorylated) forms of TFEB (Fig. 5B) and markedly increased TFEB abundance in the nucleus-enriched fraction in cardiac myocytes (Fig. 5E) , as observed in other cell types (21, 22, 24) .
Partial beclin-1 knockdown also resulted in activation of TFEB with increased nuclear localization (Fig. 5A ) and in increases in faster-migrating forms (Fig. 5C, D , F, and G) and nuclear TFEB levels compared to those of the control (Fig. 5F and G) . To determine the mechanism for TFEB activation, we examined mTOR activity with partial beclin-1 knockdown, which revealed reductions in 4EBP-1 phosphorylation and mTOR autophosphoryla- tion, without a change (or even an increase) in S6K phosphorylation ( Fig. 5C and D) , suggesting that mTOR inactivation may be partial and/or S6K phosphorylation may be affected simultaneously by mTOR-independent mechanisms (37) . Indeed, complete inhibition of mTOR with torin-1 resulted in further TFEB activation in shBECN1-treated cells, as evidenced by the appearance of faster-migrating (dephosphorylated) TFEB bands ( Fig. 5C and  D) . Interestingly, TFEB protein abundance was modestly reduced with partial beclin-1 knockdown and starvation-induced activation (but not with torin-1) (Fig. 5B to G) , suggesting an enhanced degradation of activated TFEB, as observed previously (22, 38) . Partial beclin-1 knockdown also resulted in a marked increase in endogenous TFEB transcripts (Fig. 5H) , consistent with the observation that activated TFEB induces its own transcription (25) . Importantly, simultaneous knockdown of endogenous TFEB (Fig.  5H) prevented the transcriptional upregulation of LAMP1 (Fig.  5I ) and negated the salutary effects of partial beclin-1 knockdown on BNIP3-induced cardiomyocyte death (Fig. 5J) , indicating that the effects of partial beclin-1 knockdown are transduced via activation of endogenous TFEB.
Conversely, consistent with the observation that exogenous beclin-1 is sufficient to suppress transcription of autophagy-lysosome proteins and inhibit autophagic flux (6), exogenous beclin-1 provoked a decline in lysosome abundance ( Fig. 6A and B) , with a marked reduction in nuclear TFEB (Fig. 6C) as well as in the abundance of total TFEB ( Fig. 6D and E) , driven by enhanced proteasomal degradation. This was likely the result of the beclin-1-induced increase in mTOR activation (Fig. 6F) . beclin-1 interacts with TSC1 (Fig. 6G) , as previously described (39), with increased TSC1 and reduced TSC2 abundance (Fig. 6H to J) , suggesting a mechanism whereby recruitment of TSC1 away from TSC2 increases its degradation, driving increased mTOR activation via sustained Rheb activity (40, 41) . Taken together, these findings indicate that beclin-1 levels reciprocally regulate TFEB activity.
Partial beclin-1 knockdown restores normally polarized mitochondria in BNIP3-expressing cells. BNIP3 expression resulted in mitochondrial fragmentation, and partial beclin-1 knockdown restored the filamentous appearance of the mitochondrial network in BNIP3-expressing cells (Fig. 7A) . Ultrastructural examination of BNIP3-transduced cardiomyocytes revealed widespread mitochondrial swelling and fragmentation and effacement of cristae, with a marked increase in prevalence of autophagic structures, and concomitant partial beclin-1 knockdown restored structurally normal-looking mitochondria in BNIP3-expressing cells (Fig. 7B) . Concomitant partial beclin-1 knockdown also significantly reduced the prevalence of BNIP3-depolarized mitochondria (Fig. 7C and D) , consistent with their increased autophagic removal, as observed with exogenous expression of TFEB (15) .
BNIP3 expression resulted in reduced mitochondrial mass, as evidenced by reduced NAO fluorescence (Fig. 7E and F) and a reduced mitochondrial DNA content (Fig. 7G) . Interestingly, partial beclin-1 knockdown significantly increased NAO fluorescence (Fig. 7E and F) , with a trend toward increased mitochondrial DNA (Fig. 7G) , in LacZ-treated controls; restored the mitochondrial mass in BNIP3-expressing cells (Fig. 7E to G) ; and prevented the decline in cellular ATP content with BNIP3 expression (Fig.  7H) . Taken together, these data indicate that partial beclin-1 knockdown restores normal mitochondria in BNIP3-expressing NRCMs.
Partial BECLIN1 knockdown concomitantly stimulates mitochondrial biogenesis via TFEB to rescue BNIP3-induced cell death. The effects of partial beclin-1 knockdown (Fig. 7A to F) mimicked those of exogenous TFEB in BNIP3-expressing cells (15) and suggested a concomitant induction of mitochondrial biogenesis (Fig. 7E to G) , as observed with TFEB activation in noncardiomyocytes (25, 42) . Indeed, exogenous TFEB localized to the nuclei of NRCMs at increasing doses irrespective of another stimulus, such as starvation (Fig. 8A) , resulting in increased autophagic structures and lysosomes, indicating stimulation of autophagy and lysosome biogenesis (Fig. 8B) , and in increased mitochondrial mass (Fig. 8C to F) , indicating that TFEB is sufficient to stimulate mitochondrial biogenesis in NRCMs.
We observed that TFEB regulated the abundance of transcripts for PGC1␣ (a modulator of mitochondrial biogenesis [1, 43] ) in both resting and starved NRCMs (Fig. 9A to C) and that exogenous TFEB activated transcription from a PPARGC1␣ promoter-luciferase reporter construct (Fig. 9D) . We proceeded to individually mutate the three TFEB-binding E-boxes (termed "CLEAR" sites, with only one base pair mismatch at a degenerate location compared with the ideal site annotated for maximal activation [33] ) in the human PPARGC1␣ promoter (Fig. 9D, left panel) . Only mutations within the CLEAR sequence located 18 bp upstream from the transcriptional start site completely ablated the responsiveness to TFEB (Fig. 9D, right panel) , and we confirmed TFEB binding at this site by use of a ChIP assay (with a primer pair flanking this site) (Fig. 9E) . Importantly, the bp Ϫ18 mutant construct retained intact activity toward CREB (44) and TORC2 (45) , two known inducers of PPARGC1␣ transcription (Fig. 9F) , confirming a specific effect of TFEB on PGC1␣ transcription via binding to this site.
Multiple observations suggested an impairment of TFEB activation in the setting of BNIP3-induced autophagy, namely, reductions in autophagy-lysosome gene and TFEB transcripts (Fig. 1I ) and the accompanying impairment of autophagic flux ( Fig. 3G and H) and a rescue of BNIP3-induced cell death with exogenous TFEB (15) and with partial beclin-1 knockdown-mediated TFEB activation (Fig. 5) . Indeed, we observed a reduction in the nuclear TFEB level in BNIP3-expressing cells (by 33%; P ϭ 0.005; n ϭ 3) (Fig. 10A) , accompanied by mTOR activation (fold change in pmTOR/mTOR abundances, 1.6 Ϯ 0.1 in BNIP3 versus 1.0 Ϯ 0.1 in control; P ϭ 0.005; n ϭ 4), as the possible mechanism (Fig. 10B) .
We also found a marked reduction of PGC1␣ protein abundance in BNIP3-expressing NRCMs (Fig. 10C and D) , which was driven by reduced PGC1␣ transcription (Fig. 10E and F) and rescued by concomitant TFEB expression (Fig. 10C and D) . To examine if the beclin-1 protein affects mitochondrial biogenesis via the TFEB-PGC1␣ axis, we evaluated the effect of modulating beclin-1 levels on PGC1␣ transcription by using loss of function and gain of function of beclin-1. Partial beclin-1 knockdown induced PPARGC1␣ transcription in a TFEB-dependent manner (Fig.  10G) , and conversely, beclin-1 overexpression suppressed PPARGC1␣ promoter activity, which could be rescued with exogenous TFEB (Fig. 10H) . Taken together, these findings suggest that BNIP3-induced beclin-1 upregulation may also impair mitochondrial biogenesis via attenuation of TFEB activity and a de- cline in PGC1␣ expression, contributing to reduced mitochondrial mass (Fig. 7E to G) .
In further studies, suppression of endogenous PGC1␣ (by PGC1␣ knockdown) (Fig. 9G) prevented the increase in mitochondrial mass with partial beclin-1 knockdown (and exogenous TFEB) (Fig. 10I and J) , increased cell death in BNIP3-expressing NRCMs (as well as in controls) (Fig. 10K) , and resulted in attenuated cytoprotection with partial beclin-1 knockdown in BNIP3- expressing NRCMs (Fig. 10K) . Conversely, exogenous PGC1␣ (Fig. 9H ) was sufficient to attenuate BNIP3-induced cell death, in a dose-dependent fashion (Fig. 10L) . These data indicate that enhanced mitochondrial biogenesis via the TFEB-PGC1␣ axis contributes to the cytoprotective effects of partial beclin-1 knockdown in BNIP3-expressing cells.
Partial beclin-1 knockdown restores normally polarized mitochondria and attenuates hypoxia-reoxygenation-induced cell death via TFEB. Mitochondrial permeabilization causes cell death with cardiac IR injury (2) . Given the observations that BECN1-haploinsufficient mice demonstrate reductions in infarct size with experimental in vivo IR injury (5) and that partial beclin-1 knockdown facilitates autophagosome processing to attenuate cell death with in vitro hypoxia-reoxygenation injury (6), we hypothesized that hypoxia-reoxygenation injury results in inhibition of TFEB activity and that partial beclin-1 knockdown activates TFEB to restore normal mitochondria and prevent hypoxia-reoxygenation-induced cell death. Indeed, hypoxia-reoxygenation injury resulted in reduced nuclear TFEB abundance (by 56%; P ϭ 0.005; n ϭ 3) (Fig. 11A) accompanied by mTOR activation (fold change in p-mTOR/mTOR abundances of 2.1 Ϯ 0.1, versus 1.0 Ϯ 0.1 for normoxia; P Ͻ 0.001; n ϭ 4) (Fig. 11B) , as previously described to occur rapidly with reperfusion in vivo (46) . This was accompanied by significant declines in LC3, p62, RAB7, LAMP1, TFEB, and PGC1␣ transcript levels (but not in the RPS12 or RPL32 transcript level) (data not shown) with hypoxiareoxygenation compared to the levels in normoxic controls (Fig.  11C) .
To examine if suppression of TFEB activity is also observed with in vivo IR injury, we subjected adult mice to reversible LAD coronary artery ligation and examined autophagy-lysosome transcripts in the injured region and the remote myocardium 4 h after reperfusion. Indeed, we observed transcriptional suppression of TFEB (which suggests suppressed TFEB activation, as it autoregulates its transcription [25] ) and various autophagy-lysosome gene transcripts but not others (suggesting that they may be regulated via parallel pathways) only in the injured area (Fig. 11D) , not in the remote myocardium (Fig.  11E) . Also, as observed previously (5, 6), we confirmed that beclin-1 abundance was increased only in the injured myocardium (Fig. 11F to I) , without an increase in its transcript level ( Fig. 11D and E) , indicating protein stabilization. Importantly, beclin-1 abundance was not increased in the IR-injured beclin-1-haploinsufficient (BECN1 ϩ/Ϫ ) myocardium compared with a sham-treated one ( Fig. 12A and B) . This was associated with increased nuclear TFEB levels in IR-injured BECN1 ϩ/Ϫ com- pared with IR-injured WT myocardium (wherein nuclear TFEB was reduced compared to the level in sham-treated WT myocardium) ( Fig. 12C and D) , increased lysosomal protein abundance ( Fig. 12E to G) , and stimulation of autophagic flux in IR-injured BECN1 ϩ/Ϫ myocardium ( Fig. 12H to J ), in contrast to impaired autophagic flux in IR-injured WT myocardium, as we observed previously (6) . BECN1 haploinsufficiency also prevented the decline in PGC1␣ abundance with IR injury in WT hearts (Fig. 12K to M) .
Consistent with the aforementioned effects on activation of the TFEB-PGC1␣ axis, we observed that partial beclin-1 knockdown increased lysosome abundance (Fig. 13A and B) and attenuated the increase in depolarized mitochondria ( Fig. 13C and D) and cell death (Fig. 13E ) in an endogenous TFEB-dependent manner. Notably, the effects of partial beclin-1 knockdown on attenuation of hypoxia-reoxygenation-induced cell death were partially dependent upon endogenous PGC1␣ signaling (Fig. 13F) . While exogenous PGC1␣ was sufficient to partially attenuate hypoxia-reoxygenation-induced cell death (by 19%) (Fig. 13G) , exogenous TFEB conferred a larger reduction (31%) (Fig. 13H) , indicating that both mitochondrial autophagy and biogenesis play critical roles in the observed cytoprotection.
Interestingly, as observed in the setting of BNIP3 expression (Fig. 4E) , a nearly complete reduction in beclin-1 abundance increased hypoxia-reoxygenation-induced cell death (Fig. 13E) , consistent with an obligate role for beclin-1 in autophagosome formation (26) . 
DISCUSSION
Activation of TFEB is essential for sustaining lysosome function and enhancing cell survival under starvation conditions (25, 47) . Our findings indicate that TFEB activation is impaired by an ROSinduced increase in beclin-1 abundance resulting in cardiomyocyte death in IR injury (Fig. 14) . The following lines of evidence support this argument. (i) BNIP3, a hypoxia-inducible protein, permeabilizes mitochondria with ROS generation, which provokes increased beclin-1 abundance (Fig. 2) accompanied by a decline in the nuclear TFEB level (Fig. 11 ) and transcriptional 1) , with or without shPPARGC1␣ (MOI ϭ 100; 72 h), and cotransduced with BNIP3 or LacZ (MOI ϭ 100; 24 h) (n ϭ 7 or 8). *, #, and $, P Ͻ 0.05 versus LacZ, the respective BNIP3-treated group, and the respective BNIP3-plus-shPPARGC1␣-treated group, respectively. (L) Cell death in NRCMs transduced with FLAG-PGC1␣ or LacZ and BNIP3 or LacZ (MOI ϭ 100), all for 24 h (n ϭ 7 or 8).
suppression of the autophagy-lysosome machinery (Fig. 1). (ii) Hypoxia-reoxygenation injury, which triggers ROS-induced upregulation of beclin-1 early after reoxygenation (5, 6) , also results in inactivation of TFEB, with transcriptional suppression of the autophagy-lysosome machinery, a finding mirrored early after in vivo ischemia-reperfusion insult specifically in the IR-injured segment ( Fig. 12 and 13 ). (iii) Partial beclin-1 knockdown transcriptionally stimulates the autophagy-lysosome machinery via activation of TFEB ( Fig. 3 and 5 ) to facilitate removal of damaged mitochondria and attenuate cardiomyocyte death with BNIP3 expression (Fig. 3) and hypoxia-reoxygenation injury (Fig. 13) . (iv) BECN1 haploinsufficiency prevents the decline in nuclear TFEB and impairment in autophagic flux observed with IR injury (Fig.  12) . (v) Partial beclin-1 knockdown induces TFEB-mediated upregulation of PGC1␣ to stimulate mitochondrial biogenesis (Fig.  10) , which restores the mass of normally polarized mitochondria under these conditions ( Fig. 7 and 13) . Interestingly, partial beclin-1 knockdown-mediated cytoprotection with hypoxia-reoxygenation injury (Fig. 13 ) parallels the reduction in IR-induced cell death in the BECN1-haploinsufficient myocardium in vivo (5) and compares favorably with effects of ROS scavenging in this setting (48) .
Maintenance of mitochondrial quality and mass is essential for cell survival across multiple eukaryotic organisms (49) (50) (51) (52) , and mitochondrial mass is tightly regulated to ensure efficient energy generation in the mammalian heart (43) . In the context of the emerging evidence for a critical role of TFEB and its Candida elegans orthologue hlh-30 in regulating mitochondrial mass and subjected to hypoxia (Ͻ1% ambient O 2 ; 6 h) and then reoxygenation (18 h), followed by biochemical fractionation into cytoplasmic and nuclear fractions. (B) Immunoblot depicting p-mTOR and total mTOR expression in NRCMs treated as described for panel A. (C) Transcript levels for representative autophagylysosome machinery genes in NRCMs treated as described for panel A (n ϭ 9). (D and E) Transcript levels for autophagy-lysosome genes and unrelated ribosomal genes in hearts subjected to in vivo IR injury (or sham procedure) and analyzed within the injured region (D) or the remote myocardium (E). (F to I) Immunoblots and quantitation of endogenous beclin-1 abundances in hearts treated as described for panels D and E (n ϭ 4 for panels D to G). under starvation stress (25, 42, 47) , our data suggest that suppression of this evolutionarily conserved pathway may impair mitochondrial quality control to limit myocardial salvage despite expedient reperfusion in myocardial infarction. Speculatively, altered regulation of transcriptional repressors of the autophagy-lysosome machinery (47, 53) may also contribute to insufficient TFEB-activated transcription with IR injury and requires further investigation.
Given that beclin-1 itself is a TFEB target (33), our findings suggest that beclin-1 protein levels may be "sensed" via a counterregulatory loop to affect TFEB activity (Fig. 14) as a physiologic mechanism to prime autophagy during starvation and to replenish autophagy-lysosome proteins, including beclin-1, which are consumed with a markedly upregulated autophagic flux. In contrast, during IR injury, ROS-induced upregulation of beclin-1 transcriptionally impairs autophagy by acting as a counterregulatory brake to suppress TFEB activity, which impairs removal of damaged mitochondria (6, 15) and prevents restoration of normal mitochondria via PGC1␣ (Fig. 14) . Unlike the regulation of BECN1 in other cardiac disease states, such as pressure overload (54) , the rapid increase in beclin-1 with IR injury (5) and BNIP3 expression is posttranslational ( Fig. 2 and 12) . Conceivably, ROS generation may oxidatively modify the beclin-1 protein to prevent its degradation. Interestingly, we observed a mobility shift in the beclin-1 protein with BNIP3 expression (as also seen in LacZ-treated cells at the 48-h time point) ( Fig. 2A) , which may reflect the effects of posttranslational modifications that need to be elucidated in future studies. Prevalent beclin-1 levels affect mTOR activation via its interaction with TSC1 (Fig. 6) , and possibly through TBC1D7 (TBC1 domain family member 7) (39), to regulate TFEB activity (24) . Alternatively, the beclin-1 protein has a nuclear export signal (NES) motif which is masked in physiologic states but results in its nuclear accumulation with overexpression (55) , suggesting a potential for directly modulating transcription. It is also pertinent that constitutive activation of TFEB by chromosomal translocation is implicated in carcinogenesis (56), whereby its counterregulation by beclin-1 may mechanistically drive the observed tumorigenesis with BECN1 haploinsufficiency (26, 57) .
In summary, we have uncovered a transcriptional regulatory network that coordinately regulates lysosome biogenesis and mi- tochondrial quality. Dysregulation of this network may be targeted therapeutically to enhance mitochondrial preservation and cellular preservation in myocardial infarction and ischemia-reperfusion injury in other organ systems.
